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Final Report: Chemical and isotopic analysis of trace organic matter on

meteorites and interstellar dust using a laser microprobe instrument

Period 08/01/98 - 07/31/01

Polycyclic Aromatic Hydrocarbons (PAHs) are of considerable interest today because they are

ubiquitous on Earth and in the interstellar medium (ISM). In fact, about 20% of cosmic carbon in the

galaxy is estimated to be in the form of PAHs (Allamandola, 1995; Dwek 1997; Li 1997). Investigation

of these species has obvious uses for determining the cosmochemistry of the solar system. Work in this

laboratory has focused on four main areas:

1) Mapping the spatial distribution of PAHs in a variety of meteoritic samples and comparing this

distribution with mineralogical features of the meteorite to determine whether a correlation exists
between the two.

2) Developing a method for detection of fullerenes in extraterrestrial samples using _tL2MS and

utilizing this technique to investigate fullerene presence, while exploring the possibility of spatially

mapping the fullerene distribution in these samples through in situ detection.

3) Investigating a possible formation pathway for meteoritic and ancient terrestrial kerogen involving

the photochemical reactions of PAHs with alkanes under prebiotic and astrophysically relevant
conditions.

4) Studying reaction pathways and identifing the photoproducts generated during the photochemical

evolution of PAH-containing interstellar ice analogs as part of an ongoing collaboration with

researchers at the Astrochemistry Lab at NASA Ames.

All areas involve elucidation of the solar system formation and chemistry using microprobe Laser

Desorption Laser Ionization Mass Spectrometry (_L2MS). A brief description of J.ILZMS, which allows

selective investigation of subattomole levels of organic species on the surface of a sample at 10-40 _tm

spatial resolution, is given in Appendix A. Sections on the progress of all four areas are given in order
below:

1) Spatial resolution of organic content with mineralogical features

Meteorites have long been of interest as possible probes into the history of the solar system. The history

of meteorites has been dealt with in detail elsewhere. However, meteorites are aggregates of particles

of distinctly different histories. Once accreted, they are then subject to further processing, the results of

which will vary depending upon the suite of chemical components which have been left in place. There

have been bulk analyses of carbon-rich meteorites revealing many organic compounds such as amino

acids, alkanes, aromatic compounds, and macromolecular organic material (e.g. for Murchison:

Gilmour, 1994; Levy, 1973; Oro, 1971; Sephton, 1998; Shock, 1990, for Allende: Hahn, 1969; Hahn,

1988; Zenobi, 1989). This includes _tLZMS analysis of both crushed and uncrushed material (Hahn,



1988;Zenobi 1989).While theuncrushedmaterialdid offer someinformationoncompositionsin
differentareas,thespectrashownwere50-shotaveragesof theregions.Therehasbeenaneed
expressedin the literatureasfar backas1993for spatially resolvedanalysesof the lighterelementsand
organiccontentof meteorites(Buseck,1993)in orderto fully investigatetheassociationof the
differentorganicspecieswith thedifferentfeaturesin themeteorite,gL2MSis ideally suitedto give
theseanalysesfor aromaticspecies,in particularthePAHs.

Forthecarbonaceouschondrites,therearethreemaincomponents:matrix,chondrules,andcalcium-
aluminuminclusions.Chondrulesaresphericalobjectsthat showevidenceof solidification from amelt
andarethermallyprocessedto theextentthattheyshouldcontainnoorganicspecies.Controversy
existsasto thenatureof theformationmechanismfor chondrules,viashockwaves,meteorablation,
bipolaroutflows,etc. (e.g.ConnollyJr., 1998;Galy,2000;Hewins, 1997;Rubin, 1998;Sears,1998;
Wood, 1996andreferencestherein).However,it is knownthatthematerialhasbeenheatedto at least
severalhundreddegreesKelvin. Thechondrulesgenerallypossessadarkrim which is high in carbon
content(Alexander,2001).It isunresolvedasto whetherthis materialis accretedbeforeinclusioninto
themeteoriteor acquiredduringpost-processingin theparentbody.Two carbonaceouschondrite
meteoritesarereportedon here;AllendeandMurchison.Allendeis aclassCV3oxA:oxidized,moderate
amountof thermal/shockalteration,whereasMurchisonis a classCM2: moderateamountsof aqueous
alteration.

In our work, meteoritesweresectionedto give aprofile of materialthatis flat, suchthat adjacent
gL2MSshotsshouldgiveresultswhoseintensitiesarecomparable.Eachshotgivesacompletemass
spectrumandhence,in this manner,thespatialprofile of multiple PAHsis acquiredacrossthesample.
Theintensityof an individual PAHdependson its concentrationin thesample,its desorption
characteristics(includingdesorptioncross-sectionandplumeexpansion),andits photoionizationcross-
section.Hence,the intensityof a givenPAHis not directly comparableto theintensityof anyother
PAHi. However,thechangein intensityfrom shotto shot for onePAH andtherelativechangein
intensityfor two PAHsdohavesignificance.It washopedthat thiswork wouldgive aPAH signalthat
wouldbesignificantlydifferentin differentregionsandwould reproduciblytie to different typesof
featureswithin themeteorite.This hopehasbeenrealized,aswill bediscussedin detail later.

Figure1showsacomposite(120xmagnification)pictureof a5 mm longsectionof theAllende
meteorite.Thesingle-shotmassspectrumwasrecordedfor aseriesof pointsof 40gm diameteralong
this line. Overlaidon thephotoisa graphshowingtheintegratedintensityof mass128Da
(naphthalene)for eachshot.Featuresvisible in thematrix (suchaschondruleinclusions)showalow
intensityof PAHs.We seethatrimsaroundfeaturesthat arelikely to bechondruleshavehigh PAH
contentandthedarkmatrix surroundingthesefeatureshasanintermediatePAH content.These
observationshavebeenrepeatedseveraitimesfor two differentAllendesections,andfor a freshly
exposed,curatedsampleof Murchison.In the interestof brevity,not all thedataarepresentedhere.A
clearcorrelationis apparentwhichholdstruefor all PAHsfoundsofar andalsofor investigationat
differentionizationwavelengths.Extensivetestswereperformedonbothdopedandundopedcontrols
to ensurethatthesectioningandsampleintroductionprocess,aswell asresidencein thevacuum
chamberof themassspectrometer,donot introducecontamination.(SeeAppendixB.)

However, this laboratory has done some work on characterizing the relative peak intensities of the different PAHs. The

relative intensities of a parent PAH and its alkylated homologs are comparable to a first approximation. Manuscript under

preparation.
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Figure 1: Overlay showing correlation of intensity of mass 128 with mineralogical features. The

thick line denotes the desorption path. Arrows indicate features visible along this line and the

corresponding drop in peak intensity. This correlation holds for all PAHs.

Figure 2 shows the intensity of several masses across a line of a chondrule evident on a freshly

exposed Murchison surface. Masses 128 Da (naphthalene), 178 Da (anthracene/phenanthrene) and 202

Da (fluoranthene/pyrene) are shown. In addition, the intensities for peak mass 142 Da and 156 Da
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(alkylationseriesof naphthalene)arealsopresent.Althoughtheabsoluteintensitiesvary,thesame
trendis apparentin eachcase.Very few, if any,PAHsarepresentin thechondrulesthemselves.The
PAH signalintensityis muchhigherin therim aroundthechondruleanddropsoff to anaveragevalue
for thematrix.However,thedistributionof PAHsdoesnotchange.The alkylatedpeaksinvestigated
showa simplethermal-equilibriumdistribution.This finding implies thatthePAHspresentin the
meteoritearetheresultof oneformationeventthatwasprior to incorporationinto the meteoriteasno
evidenceexistsfor localizedreactionsandprocessingpostincorporation.
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0.018

0.016

0.014 . ,

t
0.012 ', i

i L

; ', , '_

_. 0.01 _ ' ', ,_', ,

P • •

_c 0.008 i .,.,. _..

o.oo61 : " "'*' ", :

o.oo4 ' ..,l : : .' "'•.

X o" • o'° ", _• #° °

0.002

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Shot number

- - ._ - - t28

178

_202

- • !1- -142
[---_- -158 !

Figure 2: Intensities of three different PAHs across a portion of a freshly exposed chondrule in

the Murchison meteorite. Shot numbers 7 and 15 are the chondrule limits.

The dark rims around the chondrules are carbon-rich whereas the chondrules themselves are carbon-

depleted. Three main origins for the rims are proposed (Sears, 1993). 1) accretionary origin;

2) secondary product formed by alteration of the host chondrule; and 3) the rims reflect different

degrees of zoning in the precursor chondrules.



There are two main theories as to the formation of matrix material for the chondritic meteorites

(McSween, 1979; Sears, 1993 and references therein). One states that the material is accreted during

the formation process and hence is primitive material. The other view is that the matrix material itself is

derived primarily from chondrules that are incorporated into the aggregate and then altered. Assuming

that all chondrules start out with PAH-rich rims and -depleted interiors, it is unlikely that PAHs would

be so clearly absent from chondrules yet have managed to mix essentially uniformly with processed

chondrules to form the matrix. Our results are more consistent with PAHs already present in the matrix

material from the point of meteorite formation. Because chondrule formation involves heating events

that remove PAHs from at least the interior of the chondmle, this suggests that matrix material was

formed in an accretionary process and not from the post-incorporation alteration of chondrules.

Presuming that the material that formed the chondrules had cosmic abundances, the characteristic
carbon-denuded chondrule with a carbon-rich 'dark rim' may result from a fractionation of the silicon

and carbon during the heating event that formed the chondrule. Extremely high heating would result in

partial or complete breakdown of any organic species, probably followed by recondensation into a soot

or kerogen-type matrix on the outside of the chondrule. Lower formation temperatures would result in

simple fractionation, possibly with breakdown of more complex species. The high PAH yields that are

seen from these regions might result from a simple concentration effect or from trapping of mobile

PAH species after rim formation. PAHs sorb easily to complex carbon systems and hence, if mobile in

a meteorite, could well preferentially build up in these regions. Our desorption process would probably

liberate such species (Mahajan, 2001). However, for the resultant steep concentration gradient observed

between the rim and the chondrule to be preserved a big difference in the permeability of the chondrule

as compared to the matrix material would be required.

Although the permeabilities of the chondrules themselves have not been measured directly,

measurements have been performed for both the bulk and the matrix material (Corrigan, 1997). These

give very similar results, and the authors' conclusion is that the chondrules on average have similar

permeabilities to the bulk material. This again indicates that PAH distribution is fairly primitive; if the

matrix formed from processed chondrules concurrent with PAH redistribution though the pores, then

PAHs should also have permeated the unprocessed chondrules. It is interesting to note that the same

type of correlation is seen both for the slightly aqueously altered Allende and the extensively altered

Murchison. This fact again argues for a pre-accretionary origin for the PAHs present in these

meteorites and a fairly primitive distribution. PAHs are extremely insoluble in water (Clemett, 1998)

and so this is chemically consistent with a model for pre-accretionary origin.

Although this work does not distinguish between I) alteration and mixing of chondrules prior to

incorporation in meteorites to form matrix, and II) simple accretion of matrix around meteorite

constituents, it is consistent with the theory that the PAHs were mainly formed prior to incorporation in

the meteorite. Nevertheless, further work is required in order to confirm this hypothesis. It seems

unlikely that such extensive alteration and mixing of material to form matrix could take place while

leaving material of similar porosity in pristine condition. Future work will include investigation of

other pristine meteorite samples, along with a more complete characterization of those features

apparent on the sample. This work will include utilization of cutting techniques that allow as flat a

surface as possible in order to obtain maximum mineralogical information. This will allow a greater

understanding of the PAH formation and distribution mechanisms.

Regardless of the history of the PAHs present in the rims and their matrix, the complete absence of

these molecules within the chondrules requires either fractionation or complete loss during the

chondrule formation process. This gives a lower bound to the formation temperature, of a few hundred



degreesKelvin. An upperboundis givenby thepresenceof thesemi-volatileelementsNa andK which
evaporateattemperaturesaboveca.970K (ConnollyJr., 1998).Conversely,thepresenceof PAHs
throughoutthesemeteoritesimpliesthatthemeteoriteasa wholehasnotexperiencedheatingabovethe
PAHdestructiontemperaturesfor anysignificantlengthof timeandthereforegivesupperboundsto
thepost-accretionaltemperatureprocessing.Finally, thepresenceof ahigherconcentrationof carbon
in thechondrulerimsarguesfor fractionationof thecarbonin thechondrulesduringformation
followedby a fastcooling whichdoesnotallow rediffusionbackinto the interior,andhencesupports
mechanism3) for rim formation,involvingzoningof thehostchondrule.

2) Detection of fullerenes within extraterrestrial samples

Since the discovery of fullerenes in 1985 (Kroto et al., 1985) and their subsequent detection in natural

samples (Buseck et al., 1992), there has been great interest in searching for extraterrestrial fullerenes.

The proposal that fullerenes may exist in interstellar space was made almost immediately (Kroto, 1988;

Kroto, 1992; Kroto et al., 1985). This was soon followed by the recognition that the ability of

fullerenes to trap gases within their cages may help explain the anomalous isotopic compositions of

noble gases within meteorites. Numerous investigations have been performed to detect fullerenes in

interstellar space with minimal success (Bohme, 1992; Herbig, 2000; Leger et al., 1988; Petrie et al.,

1993; Pillinger, 1993; Somerville and Belis, 1989). Fullerenes were observed, however, in an impact

crater on the Long Duration Exposure Facility (LDEF), a spacecraft that was flown to collect

interplanetary and interstellar particles prior to their likely destruction when entering Earth's

atmosphere (di Brozolo et al., 1994).

The search for fullerenes in meteorites by standard extraction and analytical methods has yielded more

mixed results. Numerous unsuccessful attempts to locate fullerenes in meteorites have been reported

(Ash et al., 1991; de Vries et al., 1993; de Vries et al., 1991; Gilmour et al., 1991; Heymann, 1995).

Becker and co-workers have, in contrast to other groups, successfully located fullerenes in meteorites

(Becker et al., 1994; Becker and Bunch, 1997; Becker et al., 1999; Becker et al., 2000). They also

reported both terrestrial and meteoritic fullerene molecules that contain trapped He (Becker et al., 1996;
Becker et al., 2000; Becker et al., 2001). The successful detection of fullerenes in these samples was

made using laser desorption mass spectrometry (LDMS), a technique that is similar to IaL2MS. LDMS

uses one UV laser to both desorb and ionize particles from a sample's surface, whereas I.tL2MS is a

two-step process involving spatial and temporal separation of desorption and ionization, performed

with IR and UV wavelengths respectively.

We have investigated the limits and capabilities of gL2MS for fullerene detection. Experiments will be

conducted to investigate the abundance of fullerenes in terrestrial and meteoritic samples, with the

possibility of developing a method for in situ detection of fullerenes. This work will help us to

understand better both meteoritic chemistry and the limits of reliability we can place on laser

desorption techniques as a means for fullerene detection. In the past few months, we have modified the

_tL2MS instrument to optimize fullerene detection.

The typical setup for _L2MS involves use of the fourth harmonic of a Nd:YAG laser (266 nm) for

ionization of desorbed aromatic species. The efficiency of the ionization depends on the strength of the

266 nm absorption band for a specific species, as well as the internal processes involved in the two-

photon excitation scheme. Fullerenes, owing to their extended aromatic system, do have a strong
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absorbancethatpeaksat258 nm(Berkowitz, 1999).Direct two-photonionizationat thiswavelength,
however,is complicatedby theexistenceof apathwayfor delayedionization(WurzandLykke, 1991).
This pathwayleadsto a broadenedmolecularion peakin theresultingmassspectrum(seeFigure3a).
Fragmentationof theC60moleculeis alsoobserved.By modifying thegL2MSsystemto usethefifth
harmonicof theNd:YAG (212nm)for ionization,weareableto utilize thefullerenemolecule'sstrong
absorptionbandat206nm andavoidthedelayedionizationpathway.Theresultingmassspectrumis
cleaner,with aC60peak thatis strongerandmoredefined(seeFigure3b). Thedirect ionization
pathwaycombinedwith high-massoptimalsettingsfor thetime-of-flight extractionfield alsoallow for
bettermassresolutionof thesespeciesandthedetectionof 13Cisotopes.
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Figure 3: The p.L2MS spectrum of C6o using (a) 266 nm and (b) 212 nm for ionization.

Fragmentation of C60 can occur even with the 212 nm ionization light if the laser power is sufficiently

high. While a lower laser fluence limits C60 fragmentation, it also reduces the sensitivity and, hence,

the detection limits of the IaL2MS technique. We have examined the C60 spectrum obtained with a

range of laser powers and have determined the optimal conditions for both C60 detection sensitivity and

for decreased fragmentation. This work was primarily interested in confirming the presence or absence



of C60in asample;thus,weusuallyusea laserpowerconsistentwith high sensitivity,evenat thecost
of increasedfragmentation.

Furtherwork involvedusingouroptimizedsystemto examinetheC60contentof terrestrialsamples.
ThepublishedstudiesthathavesuccessfullyidentifiedC60havebeencarriedout onextractedsamples.
Testsamplesthathavebeendopedwith known amountsof C60havebeeninvestigated.We have
optimizedourextractionconditions,aswell asanalyzingtheextractsto characterizetheresponseof the
_tL2MSinstrumentto varyingconcentrationsof C60.This allowsusto determinethelimits of
sensitivityof !aL2MSto extractablefullerenes.Shouldourdetectionlimits besufficiently low, this
work will beextendedto in situ spatially resolved detection of fullerenes.

3) Photochemical alkylation of PAHs: plausible mechanism for the formation of

C-C bonds on the early Earth and the interstellar medium

In general, PAHs are unusually stable compounds because the _ electrons in PAHs are delocalized over

the aromatic rings and these molecules have large resonance energies. In spite of the intrinsically low

chemical reactivities of PAHs, they absorb light in the near UV and undergo numerous photochemical

reactions. Although Allamandola and co-workers have reported the formation of a variety of

compounds such as hydrogenated-PAHs, quinones, alcohols, and ethers from the photoreaction of

PAHs in ices under simulated interstellar conditions (Bernstein, 1999), little information exists about

possible photochemistry of PAHs with alkanes in the ISM.

The reaction of PAHs and alkanes is interesting because these compounds are abundant in certain

environments, and it is likely that photoreactions between these molecules may provide a facile

mechanism for linking them to each other through the formation of new carbon-carbon (C-C) bonds.

C-C bonds are extremely strong, with average bond energies of 348 kJ/mol. Elaborate conditions are

used to produce them chemically in the laboratory today. These bonds connect PAHs to other

molecules, and therefore this step is integral in the synthesis of large and complex aromatic

compounds.

We are exploring the photochemistry of PAHs with alkanes under conditions relevant to the prebiotic

Earth and the ISM. Alkanes are abundant in the ISM, (Lacy, 1991) interplanetary dust particles,

comets, and meteorites (Cronin, 1988; Cronin, 1990). Moreover, there is little doubt that they were

plentiful components of the organic inventory deposited on Earth during the heavy bombardment

period (Chyba, 1990; Chyba, 1992). UV light was the primary source of energy in the early solar

system (Deamer, 1997), and would have impinged on surfaces of planets and on dust particles of the

molecular cloud. In the absence of the ozone layer 4 billion years ago, the shorter and more energetic

wavelengths of UV light should have reached the Earth's surface, making photochemical reactions

possible. The photochemical linking of PAHs and alkanes in the ISM may prove relevant in the

formation of meteoritic kerogen, which is a highly complex, cross-linked, three-dimensional network

of aliphatic and aromatic hydrocarbons.

In our work thus far, we have examined the reaction of PAHs and alkanes in the presence of UV light.

The photoreactions of PAH:alkane solutions were carried out in a commercial microscale immersion

well reactor purchased from Ace Glass Inc, KY (Penn, 1989). The source of UV energy was a mercury

lamp (UVP Model-11-SC-1) that primarily emits 254 nm light. Standard solutions were prepared by



dissolving 0.001 moles of a particular PAH in 0.1 moles of alkane. For each reaction, 2 mL aliquots of

the PAH:alkane solution were placed in the outer jacket of the reactor and argon was passed through

for an hour to remove any 02 that may have been present. The UV lamp was then turned on, and CO_,

was bubbled through the solution for a period of five hours to ensure that the solution was uniformly

mixed during irradiation and that 02 was excluded.

The first experiments were performed using phenanthrene (C14H10) and hexadecane [CH3(CH2)I4CH3]

as the model test compounds for PAH and alkane respectively. Figure 4 shows the mass spectra

resulting from a phenanthrene:hexadecane sample exposed to UV light (Figure 4a) and from a similar

sample that was not exposed to UV radiation (Figure 4b). In both cases CO2 gas was bubbled to ensure

that the PAH and alkane were constantly in contact with each other and to exclude 02 from the reaction

mixture.
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Figure 4: lxL2MS spectra of products formed during the reaction of solutions of phenanthrene

and hexadecane (1:100) (a) in the presence of UV light, and (b) in the absence of UV light.

In the presence of UV light (see Figure 4a), the solution forms a prominent peak at 402 Da that

corresponds to the substitution of the hexadecane chain (226 Da) onto the phenanthrene ring (178 Da).

Alkylated products resulting from the addition of methyl, ethyl, or propyl groups to the phenanthrene

rings were also observed. In Figure 4 and Table 1 alkylated products have been labeled as C,-PAH,

with n indicating the number of carbon atoms that have added to the PAH. In addition, products

resulting from the addition of an oxygen atom (O) or a hydroxyl group to the phenanthrene ring were

detected at 194 Da (Phn + O) and at 418 Da (Cl6-Phn + O). These oxidation products probably result

from the Oz gas dissolved in the alkanes.

No products were formed in the dark control (Figure 4b), indicating that UV radiation is driving the

alkylation reaction. A control sample of UV-irradiated hexadecane without phenanthrene present also



yielded no products (spectrum not shown). The UV absorption of hexadecane is negligible, so

absorption of light by phenanthrene is the key factor. The excited phenanthrene then transfers energy

to the hexadecane, driving the substitution reaction. The presence of methyl, ethyl, and propyl product

species suggests that the excited state PAH has sufficient energy to activate fragmentation of the

hexadecane chain, and the alkyl fragments also undergo substitution reactions where they replace

hydrogen atoms on the PAH rings.

After completing the phenanthrene-hexadecane studies, a number of different PAHs and alkanes were

examined to test the robustness of the photoalkylation process. Anthracene, 9-methyl anthracene,

pyrene, and fluoranthene were dissolved in hexadecane and irradiated with UV light under the same

conditions as the phenanthrene experiments reported in the previous section. The products formed in

each case and approximate yields of the reactions are given in Table 1.

Table 1: Products and percent yields for photoreactions of different PAHs in Hexadecane (1:100)

PAH ALKYLATEDPRODUCTS YIELDS AT THE END OF THE REACTION

% Alkylated % Oxidized % Unreacted

Phenanthrene Crphenanthrene, 192 Da 47 7 46

C2-phenanthrene. 206 Da

C3-phenanthrene, 220 Da

C_6-phenanthrene, 402 Da

Anthracene C_-anthracene, 192 Da 19 4 77

C2-anthracene, 206 Da

C_6-anthracene, 402 Da

9-methyl anthracene C2-anthracene, 206 Da 18 3 79

C_7-anthracene. 416 Da

Pyrene C rpyrene, 216 Da 23 6 71

C2-pyrene. 230 Da

Ct6-pyrene, 426 Da

Fluoranthene Crfluoranthene, 216 Da 22 5 73

C2-fluoranthene, 230 Da

C_6-fluoranthene, 426 Da

All the PAHs underwent alkylation and yields ranged from 18% for 9-methyl anthracene to 47% for

phenanthrene. The most prominent alkylated products are the methylated or the hexadecylated species

of the particular PAH. In all cases there were also peaks for dimethylated/ethylated products, but the

yields were considerably lower. In addition to the alkylated products, small amounts of oxidation

products (approximately 5%) appear from the addition of one or two oxygen atoms or hydroxyl groups

to the starting PAH. It is clear that some source of oxygen is present in the reaction mixture, despite

careful efforts to exclude O2 gas. Phenanthrene is the most efficient PAH for undergoing alkylation

reactions, with a yield of 47%. The other PAHs tested all produce yields of approximately 20%. The

reas,,_n for the higher reactivity of phenanthrene is unclear.

Photoreactions of phenanthrene were also carried out with five other alkanes. In all cases alkylated and

oxidized products were formed. The yield for the photoreaction of phenanthrene in nonane (23%) is
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lower thanthatfor thecorrespondingreactionin hexadecane(47%). Theresultimpliesthatasthe
carbonchainof thealkanebecomeslonger,the yieldof alkylatedproductsincreases.Cyclodecane
givesmuchloweramountsof productthandecane,whichsuggeststhat normalchainalkanesaremore
reactivethantheir cyclic counterparts.Nonaneismorereactivethan4-methylnonane,indicatingthat
thepresenceof sidegroupsonanalkanechainreducestheyield of alkylatedPAHs. 1,1'-(1,1,3-
trimethyl-1,3-propanediyl)biscyclohexanewasfoundto be themostreactiveof all thealkanes
investigatedin thestudy,basedon thelow percentageof PAHremainingafterthephotoreaction.

A widevarietyof PAHsandalkanesexaminedreactto give alkylatedPAHsandhencethe
photoalkylationreactionis veryrobust. Irrespectiveof thestructureof thePAH, lengthof thealkane
chain,andcyclic structureof two of thealkanesinvestigated,newcarbon-carbonbondswereproduced.
It shouldbenotedthatcontrolswereperformedfor all thePAH-alkanemixturesinvestigated.In the
absenceof light noproductswereobserved.

This studyindicatesthat alkylatedPAHsarereadilyproducedwhena mixtureof PAH andalkaneis
exposedto UV irradiation. Thedetailedinvestigationof purePAH-alkanesolutionshasindicatedthat
PAHsandalkanesphotoreacteasilyandrobustlyto form avarietyof alkylatedPAHs. AlthoughPAHs
andalkanesarefairly unreactivecompounds,thealkylationreactionoccursfor anumberof PAHsand
a widerangeof startingmaterialsincludingcyclic,normal,long-chain,short-chain,substituted,and
unsubstitutedalkanes.Differentexperimentalconditionssuchasthephysicalstateof thesample
irradiated,thepresenceor absenceof gas,theidentity of thegasbubbled,andtheratioof PAH:alkane
donot affectphotoalkylation.Moreover,althoughthelampusedasa sourceof UV photonswas
relativelyweak,fairly significantproductyieldsrangingfrom 18%to 47%wereobtainedwhen
solutionswereirradiatedfor a periodof five hours.

To thebestof ourknowledge,this work is thefirst investigationof photochemicalformationof
alkylatedPAHs. Thephotoreactionof PAHsisprovento beafeasible,robust,andfacile wayto
produceC-Cbondsin reasonablyhighyields,oneof thekeyrequirementsin thesynthesisof complex
compounds.It alsoshowstheprobability thatthis typeof reactionis feasibleunderprebioticand
interstellarconditions.

4) Photochemistry in interstellar ice analogs

We are engaged in an ongoing collaboration with researchers ii in the Astrochemistry Laboratory at

NASA Ames Research Center to study the photochemical reactions of PAH-containing interstellar ice

analogs. PAHs are known to be widespread components of the ISM and their characteristic infrared

emission bands have been detected in a variety of diffuse interstellar environments (Allamandola et al.,

1999; Allamandola et al., 1989; Boulanger et al., 1998; Puget and Leger, 1989). They are also

expected to be abundant components of the icy grain mantles that form around silicate cores inside

dense molecular clouds (Chiar et al., 2000; Sandford, 1996; Sellgren et al., 1995). Energetic

processing by UV photons and cosmic rays drives photochemical reactions within these ice grains,

creating new and more complex compounds (Allamandola et al., 1988; Bernstein et al., 1995; Dworkin

et al., 2001; Greenberg, 1982; Schutte, 1988; Strazzulla, 1997). The identification of these reactions

and their products will enhance our understanding of the chemical evolution of organic compounds in
the universe.

il Louis Allamandola, Scott Sandford, Max Bernstein and Jason Dworkin
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Theinterstellariceanalogsexaminedin our workarepreparedandirradiatedat NASA Ames.Theices
arecreatedby depositionof theconstituentgasesontoa 10K substratein ahigh-vacuumchamber
(-10-8torr), andaresubsequentlyirradiatedby a flowing-hydrogendischargelamp, theoutputof which
simulatesinterstellarultravioletradiation. After irradiation,theicesarewarmedto roomtemperature,
causinglossof themorevolatilecomponents.Theresidueremainingon thesubstratecontainsthe
morecomplex,lessvolatilephotoproductsof thereactions.This residueis thenanalyzedin our
laboratoryby I.tLZMS, which reveals the presence of PAH derivatives that have formed during

irradiation. Additional analyses on the residue using HPLC, IR spectroscopy, and UV-Vis absorption-

luminescence spectroscopy are performed at NASA Ames.

Our previous work examined the photochemistry of PAHs in water-rich ices and showed the formation

of partially oxidized PAH products including quinones and aromatic alcohols (Bernstein et al., 1995).

In our current work, we have analyzed ices composed of binary mixtures of PAHs and other interstellar

ice components such as methanol, ammonia, and carbon dioxide.

During the past year, we have studied a series of ices consisting of coronene in binary mixtures with

ammonia, methanol, carbon monoxide, carbon dioxide, formaldehyde, and acetaldehyde. Some trinary

mixtures (coronene/argordmethane, coronene/water/ammonia, and coronene/argon/HCN) have also

been irradiated and analyzed. The residues remaining after irradiation of these ices have shown the

presence of PAH derivatives formed from oxidation, reduction, alkylation, and nitrogen addition

reactions. Figure 5 presents the spectra of the residues remaining after irradiation of

coronene:methanol and coronene:ammonia ices, while Table 2 summarizes the products observed in

the ices studied.

C

=
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ii +2H

I Ill/ +CHs +0 +CHa+O _

,/ lJ

(b) If
k

ll_| + 2 H + NH2 + 2NH2

(C) I_ ,Coronene

290 300 310 320 330 340 350 360 370

Mass (Da)

Figure 5: lxL2MS spectra of coronene (C24H12) after freezing at 10 K into (a) CH3OH ice followed

by UV irradiation, (b) NH3 ice followed by UV irradiation, and (c) NH3 ice with no UV

irradiation (unpublished collaboration with The Astrochemistry Laboratory, NASA Ames).
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Coronene is the simplest PAH to investigate in I.tL2MS experiments because of its low volatility and

high symmetry. Although most of the ices studied have been coronene-containing, we have also

recently examined irradiated ices containing phenanthrene, anthracene, and pyrene. The PAH

derivatives observed in these ices are analogous to those seen in the coronene-containing ices.

Work has been completed on the binary PAH-containing ice analogs. We are continuing studies of

more complex ice mixtures which may more closely mimic the composition of true interstellar ices.

Table 2: Products and reactions observed from irradiated interstellar ice analogs.

Ice Composition Hydrogen Oxygen Alkyl Nitrogen
Addition Addition Addition Addition

+2H +O +CH3 +NH2 +CN

coronene + H20 x x

coronene + CH3OH x x x

coronene + CO2 x

coronene + CO x

coronene + Ar/CH4 x x

coronene + HzCO x x

coronene + CH3CHO x (very small)

coronene + NH3 x x

coronene + HzO/NH3 x x x

coronene + Ar/HCN x x x

5) Summary

Significant progress has been made in various areas relating to PAHs and fullerenes. The formation,

cosmochemistry, processing and early-Earth chemistry are all under investigation in ongoing projects

with this laboratory. Laboratory model chemistry of photochemical reactions has given insight into the

formation mechanisms and subsequent possible reactions of the PAHs, while work on the detection and

spatial resolution of these species allows their use as indicators of meteoritic chemistry and processing.

This may help to resolve some of the issues bound up with chondritic meteorite formation and

processing and hence shed light on solar system formation mechanisms.
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Appendix A: Mechanism of the _tL2MS technique

Microprobe laser-desorption laser-ionization mass spectrometry is a highly sensitive technique capable

of spatially resolving the distribution of organic molecules on complex surfaces and particulates. The

technique combines focused laser-assisted thermal desorption with ultrasensitive laser ionization

methods to produce a combination of sensitivity, selectivity, and spatial resolution unmatched by

traditional methods of analysis. We have already applied our IaL2MS instrument to problems of

cosmochemical interest and have been able to show the presence of organic species in a wide range of

extraterrestrial materials, in some cases where previously none had been detected owing to limitations

in detection sensitivity (Clemett et al., 1994; Clemett et al., 1993; McKay et al., 1996; Thomas et al.,

1995).

A detailed description of our technique has been presented elsewhere (Clemett and Zare, 1997;

Kovalenko et al., 1992), and is summarized here for convenience. The principle of t.tL2MS is

illustrated in Figure 6. Constituent neutral molecules of the sample are first desorbed with a pulsed

infrared laser beam focused down to a spot, presently adjustable between 10 and 40 _tm. The laser

power density is kept well below the plasma threshold to ensure desorption of neutral organic species

with little or no fragmentation. In the second step, a selected class of molecules in the desorbed plume

is preferentially ionized by a single-frequency pulsed ultraviolet (UV) laser beam that passes through

the plume. The resultant ions are then extracted and injected into a reflectron time-of-flight mass

spectrometer and analyzed according to mass. A complete mass spectrum is obtained for each shot.

(A) Laser desorption of neutral
molecules

Pulsed IR beam

Sample

particle

Plume ofdesorbing

neutralmolecule_

(B) Laser ionization of

selected species

A+ A÷

To reileclron

time-of-flight

ms$s

spectrometer

Figure 6: The ]j.L2MS technique consists of (a) laser desorption followed by (b) laser ionization to

selectively produce ions, which are then extracted into a time-of-flight mass spectrometer for

mass analysis.
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Species-selectiveionization,thatis, ionizationof moleculescontainingacharacteristicfunctional
group,is achievedthrough(1+1) resonanceenhancedmultiphotonionization(REMPI). In this
process,absorptionof asinglephotoncausesa moleculeto makea transitionto anelectronically
excitedstate;absorptionof asecondphotonpromotestheexcitedmoleculeto the ionization
continuum. Molecularselectivityis achievedby virtueof thefact thatonly specieshavingan
electronictransitionin resonancewith thewavelengthof theincidentlaserradiationwill beappreciably
ionized. Our systemtypically usesan ionizationwavelengthof 266nm, which is stronglyabsorbedby
thephenylmoietyandprovidesa selectiveionizationwindowfor PAHs. We arealsoableto produce
an ionizationwavelengthof 212nm,which is moreeffectivefor the ionizationof derivatizedaromatics
suchaspolychlorinatedbiphenyls(PCBs)(Mahajanet al., in press). In additionto beinghighly
species-selective,REMPIhastheadvantageof providinga"soft" ionizationroutein which ion
formationis accompaniedby minimal fragmentation(Shibanov,1985;Winogradet al., 1982).
_tL2MSrequiresminimalsampleprocessingandhandling,andthereforeallowsanalysisof samples
with little possibilityof contamination.It alsoutilizesextremelysmall amountsof sample,desorbing
only from thesurfacelayersof anygivensample,which leavesthebulk of the sampleintactand
availablefor furtherinvestigation.
Thekey attributesof our instrumentaresummarizedasfollows:

• High spatial resolution and mapping capabilities, providing complete mass spectral analysis of a

region as small as 10 _tm in diameter

• Desorption with minimal decomposition and ionization with minimal fragmentation, resulting

in spectra consisting of primarily parent ions.

• Selective ionization of only those molecules which have a transition in resonance with the UV

laser photon energy, simplifying the spectra of complex mixtures

• High sensitivity, capable of detecting PAHs at the subattomole (< 10 -18M) level

• In situ analysis, requiring little sample handling and minimizing the possibility of
contamination and chemical alteration
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Appendix B: Control experiments on meteorite sectioning process

A series of control experiments were performed in order to investigate possible contamination

associated with sectioning.

1) Clean glass pieces were sectioned and investigated. No PAHs were observed on the surface within

detection limits. For at least one of the pieces marks from the diamond blade used for the cut were

clearly observed on the surface. Hence if any contamination were to be introduced by the blade it

should also be clearly observed on the surface. Investigation was also made of small

fragments/powder produced during the cut. Such fragments were picked up with adhesive from a

fresh foil surface placed in front of the blade before starting the cut. Any extraneous small

particulate material which was introduced onto this surface should be incorporated into the mix of

small fragments. However, no PAHs were observed. Hence, cutting introduces either no

contamination or contamination below the limits of detection of the apparatus.

2) The control experiment was duplicated with a piece of common terrestrial rock. This relatively flat

piece was halved. One piece was left blank while the other was doped with a solution of (ca. 10-

4M, ca. lml) coronene. The control piece was sectioned and analyzed. Few PAHs were observed

either on the sectioned surface or around the edge. Analysis of a small fragment of the doped piece

revealed no background signal from vaporizing dopant, whereas signal was clearly observable upon

laser desorption from the outside of the sample. The rest of the doped piece was sectioned and

analyzed. Signal from the dopant is clearly seen at the edge of the sample, dropping away to

nothing within a small number of shots. Consequently, material contaminating the outside is not

introduced onto the freshly exposed inner surface used for analysis.

3) A clean glass plate was placed in the vacuum chamber. No PAHs were present initially, and none

were observed after the sample was left in the system for several days.

4) The blank piece from 2) was placed in the vacuum chamber and left for several days in order to

investigate the cleanliness of the system itself in case any material present sorbed preferentially to

rocky material. There are a few very small PAH peaks intrinsically present in the rock sample

chosen, most notably at 178 Da (phenanthene/anthracene) and 202 (fluoranthene/pyrene), although

it has some 128 (naphthalene) present. 50-shot averages over the sample show most peaks

decreasing slightly over a time period of several days, although peaks at 118 (unknown, possibly

inorganic) and 128 increase slightly. All changes are within the level of change expected for

heterogenous natural samples and so may be due either to this or to some effect in the chamber. It is

unlikely that a contamination source such as pump oil would match the naturally-occurring peaks

within the sample and hence any changes over time are more likely due to vacuum effects, e.g.,

degradation of the matrix allowing for easier release of the more volatile species.
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